We investigated the in situ destruction rates of marine viral particles as well as the decay rates of infectivity for viral isolates along an -400&n transect from oligotrophic offshore waters to productive coastal waters in the Gulf of Mexico. Light-mediated decay rates of viral infectivity averaged over the solar day ranged from 0.7 to 0.85 h ' in surface waters at all stations and decreased with depth in proportion to the attenuation of UVB (305 nm). The destruction rates of viral particles also decreased with depth, although the rates of particle destruction were only 22-61% of infectivity when integrated over the mixed layer. The rates of viral particle destruction indicated that at three of four stations 6-12% of the daily bacterial production would have to be lysed in order to maintain ambient viral concentrations. At the fourth station, where there was a dense bloom of Synechococcus spp. and the mixed layer was shallower, 34-52% of the daily bacterial production would have to be lysed. A comparison of the difference between destruction rates of viral particles and infectivity integrated over the depth of the mixed layer implies that host-mediated repair must have restored infectivity to 39-78% of the sunlight-damaged viruses daily. The calculated frequency of contacts between viral particles and bacterial cells that resulted in infection (contact success) ranged from -18 to 34% in offshore waters, where the frequency of contacts between viruses and bacteria was much lower, to -1.0% at the most inshore station, where contact rates are much higher. This suggests that in offshore waters bacterial communities are less diverse, and that there is less selection to be resistant to viral infection. This paper provides a framework for balancing viral production, destruction, and light-dependent repair in aquatic viral communities.
Viruses are ubiquitous and abundant in marine environments, where they infect bacteria, phytoplankton, and heterotrophic flagellates (see reviews by Fuhrman and Suttle 1993; Borsheim 1993; Bratbak et al. 1994 ). Estimates of viral-induced mortality of marine bacteria range from a small percentage of production to rates that imply that viruses are a major mechanism of bacterial mortality in aquatic systems ' Corresponding author.
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Understanding the specific processes that destroy viral particles or decrease viral infectivity is critical to elucidating the role(s) of viruses in the marine environment. Loss processes of viral particles include grazing (Gonzalez and Suttle 1993) , destruction by solar radiation (Suttle et al. 1993) , and sinking via attachment to marine aggregates (Proctor and Fuhrman 1991) . Moreover, viruses may lose their infectivity during exposure to damaging levels of solar radiation, without the destruction of the viral particles (Suttle et al. 1993; Wommack et al. 1996) . Infective viruses, however, persist in the water column despite light-mediated destruction rates of viral infectivity that can be sufficient to sterilize surface wa-1 ters on a daily basis (Suttle and Chen 1992; Suttle et al. 1993) . The high destruction rates of viral infectivity imply that the production rates of viral particles must be equally as high in order to maintain viral abundances in surface waters. However, as viral particles are destroyed more slowly than viral infectivity, this would lead to a perpetual increase in the total abundance of viral particles in the system.
One explanation that would accommodate this problem is that damage to viral DNA can be repaired by the mechanisms responsible for the repair of damaged DNA in the host cells. The activity of these repair systems would restore infectivity to DNA-damaged viruses and allow the viruses to complete the lytic cycle. Repair of damaged viral DNA by light-mediated mechanisms in bacterial hosts (photoreactivation, sensu Dulbecco 1949 (photoreactivation, sensu Dulbecco , 1950 has been documented in the laboratory (Tyrrell 1979) . Most recently, in situ measurements have demonstrated that up to 52% of sunlightinactivated viruses may be photoreactivated in coastal marine environments (Weinbauer et al. 1997) .
In this study we provide information on the role of viruses in the mortality of bacteria for open-ocean as well as nearshore environments. We have used an endemic marine viral isolate (bacteriophage PWH3a-Pl) and natural viral communities to measure sunlight-driven decay rates of viral infectivity and viral particle abundance at a variety of depths along a transect in the western Gulf of Mexico. The bacteriophage PWH3a-Pl has previously been used to estimate the impact of UV light on viral communities in coastal marine environments of the Gulf of Mexico (Suttle and Chen 1992) and has been shown to respond to UV radiation in a manner representative of other marine viruses (Suttle and Chen 1992; Suttle 1994; Suttle and Chan 1994) . Based on restriction fragment analysis of isolates, this virus is common and can be relatively abundant in nearshore and offshore waters of the Gulf of Mexico (Wilhelm unpubl. data). Consequently, we assume that this virus can be used to infer UV effects on natural marine viral communities.
While we have shown that light-dependent bacterial repair can restore infectivity to solar radiation damaged phages in situ (Weinbauer et al. 1997) , there remains little information on the importance of repair in maintaining natural viral communities. In this paper we establish a balanced model for viral decay and production, which allows one to infer the impact of viruses on bacterial productivity and nutrient cycling, and which provides quantitative estimates of the'significance of repair on the maintenance of infectivity in surface waters.
Methods and materials
Sampling sires-The RV Longhorn occupied six stations from 20 to 29 June 1995 along a transect from the oligotrophic central Gulf of Mexico to mesotrophic coastal waters. The decay of viral infectivity and destruction of viral particles due to solar radiation was examined at four stations: offshore oligotrophic Sta. B (25"19'N, 94"07'W) and C (25"41'N, 94"26'W), and nearshore mesotrophic Sta. E (27"OO'N, 96"14'W) and F (27"32'N, 96"45'W).
Irradiance and physical measurements-The attenuation of light in the water column was determined with a Biospherical PUV-500 profiling radiometer at 305, 320, 340, and 380 nm (bandwidths of 10 nm) as well as for PAR (400-700 nm). The depth (m) at which 1% of the surface irradiance remained was determined from multiple casts of the radiometer. Surface PAR (400-700 nm) was measured every 15 min by integration of 5-s subsamplings with a LiCor Li-1000 datalogger equipped with a cosine collector. Values for surface PAR (mol m *) were determined as the integrated sum of data collected during each deployment (12 h). Pycnocline depths were estimated from mean values of multiple profiles of temperature and salinity obtained using a SeaBird CTD (model SBE 9 plus).
Viral isolates and hosts-The bacteriophage PWH3a-PI and the bacterium that it lytically infects (Vibrio natriegens strain PWH3a) were isolated from the coastal Gulf of Mexico (Suttle and Chen 1992). V. natriegens was maintained in a medium of peptone, Casamino acids, yeast extract (0.05% [wt/vol] each), and 0.3% (vol/vol) glycerol. Axenic bacterial stocks were maintained on agar-solidified medium (1.0%) until transferred to liquid culture for experiments. Clonal bacteriophage PWH3a-Pl was amplified to -lo" plaqueforming units (PFU) ml-' in the laboratory.
Zn situ deployments-Water from each station was collected prior to sunrise with a submersible pump suspended from a float, and was left whole or filtered through a 0.2-pm pore-size polycarbonate filter (Poretics). For studies on the decay of viral infectivity the whole water or filtrate was used to dilute bacteriophage PWH3a-PI to -lo5 PFU ml I, which was placed in aliquots into polyethylene bags (Fisherbrand; UVA [320 nm] and UVB [305 nm] attenuated by -9 and 12%, respectively). The samples were attached to a series of PVC racks that were suspended at tixed depths ( 1, 5, 10, and 15 m) from a buoy (Karentz and Lutze 1990) . Ballast (20 kg) was attached to the bottom of each deployment. In addition, a floating rack at the surface (0 m) was tethered to the main buoy by 5 m of nylon rope. Samples were deployed prior to sunrise and retrieved at dusk (12 h) in order to expose them to one complete solar day. Three independent racks were deployed at each station to provide triplicate samples at each depth. Dark controls for all experiments were maintained in a flowing-seawater incubator.
The effect of light on the destruction rate of viral particles was determined using natural viral communities collected prior to sunrise (between 0300 and 0400 h). Cyanide (2 mM final concn) was added to 50 ml of whole seawater to stop respiration, and the samples were sealed in polyethylene bags and deployed as described above. At the end of the deployments, glutaraldehyde (2% final concn) was added to the samples, which were stored at 4°C in the dark until the viral particles were enumerated within 2 weeks.
Abundances of infectious viruses, viral particles, and bacteria-Total viral particles were counted by DAPI staining (Suttle 1993) without prefiltration or DNase. After staining, the viruses were collected on 0.02-pm pore-size ceramic filters (Anodisc 25, Whatman) and counted with an Olympus (Porter and Feig 1980) collected at dawn at each station. The abundance of infective PWH3a-Pl in each sample was determined by plaque assay using V. natriegens (strain PWH3a) as the host bacterium (Suttle and Chen 1992). The average number of viruses produced per bacterium lysed (burst size) was determined empirically by transmission electron microscopy (Weinbauer and Peduzzi 1994). Briefly, bacteria from -40 ml of whole seawater were collected quantitatively on Formvar-coated, 400-mesh electron microscope grids by centrifugation and stained with 1% uranyl acetate. Burst size was estimated by counting the number of viral particles in a minimum of 15 visibly infected bacteria. The burst sizes were determined separately for all visibly infected bacteria (minimum burst size) and for cells that were completely filled with viral particles (maximum burst size).
Bacterial growth rates-Surface water was collected at dawn in an acid-cleaned plastic container and amended with [methyl-'HIthymidine to a final concentration of 20 nM (Fuhrman and Azam 1982) , and dispensed into sterile polypropylene tubes. Samples were incubated in the dark (12 h) in a flowing-seawater incubator to maintain ambient temperature. Incubations were terminated by the addition of trichloroacetic acid (TCA) to a final concentration of 5%. Samples were chilled on ice prior to filtering onto 0.2-pm pore-size polycarbonate filters under low vacuum (< 120 mm Hg). Each filter was rinsed with 5 ml of ice-cold 5% TCA and 5 ml of ice-cold 80% ethanol (Chin-Leo and Kirchman 1988). Incorporation of thymidine was determined by liquid scintillation counting, and bacterial growth rates were estimated using a conversion factor of 2 X 10'" cells per mole of thymidine incorporated (Fuhrman and Azam 1982; Ducklow and Carlson 1992) .
Decay rates of viral particles and infectivity-The lightdependent decay rate (R') of infectivity (h-l) at each depth (z) was determined from the equation
(1) where Z, and Z, are the abundances of infectious viruses in the light and dark treatments, respectively, at the end of the deployment time (t) in hours. This calculation corrects for dark decay within the samples, and is thus considered to be the decay caused by sunlight. To infer viral production rates from decay rates it is necessary to average the decay rates over the entire day, as it is assumed that viral production also occurs during darkness. Therefore, the daily decay rates (d-l) are calculated as in Eq. 1, substituting 1 d for the incubation time.
The decay rate of viral infectivity (R") integrated over the mixed layer was determined using the equation of Suttle and Chen (1992) :
where R',, is the decay rate of infectivity (h ' or d ') at the surface and k, represents the attenuation coefficient for the decay of infectivity through the water column. The lightdependent destruction rate of viral particles was determined in the same manner, substituting the destruction rate of particles for the decay of infectivity for both light and dark treatments.
Virus-host contact rates-Contact rates between viruses and bacteria at each station were determined from the equation of Murray and Jackson (1992) :
where S is the Sherwood number (dimensionless), w is the diameter of a marine bacterium (0.45 X 10 4 cm; Lee and Fuhrman 1987) , D,. is the diffusivity of viruses (3.456 X 10 3 cm2 d-l), and V and B are the respective viral and bacterial abundances (per cmT). The proportion of bacteria in communities that are motile has been estimated to be -10% (Mitchell et al. 1995) . Therefore, assuming that 10% of the bacteria are motile (S = 1.53) and 90% are nonmotile (S = l.Ol), the Sherwood number would be 1.06. To determine the number of viral contacts per bacterium at each station on a daily basis, the contact rate was divided by bacterial abundance. The number of cells lysed per day divided by the number of contacts per bacterium per day times 100 yields contact success.
Results
Variability in physical parameters-There was a pronounced thermal pycnocline at -22-29 m at all stations except E, where an infusion of lower salinity water resulted in a pycnocline at 10.4 m ( Table 1) . This infusion of low-salinity water was accompanied by an almost monospecific bloom of Synechococcus spp. of -lo5 cells ml I. Stations were occupied during the last week of June on cloudless days. Total irradiance (PAR) during the deployments ranged from 45.9 to 47.5 mol photons rn-: d I (Table 1) . PAR for b.
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Sta. F was not determined for the entire duration of the deployment, but irradiance measurements, which were taken up to 1400 h, indicated that the total PAR was similar to other days (data not shown). The depth at which 1% of the surface 305-nm radiation remained demonstrates that UVB penetrated the entire mixed layer at Sta. B and most of the mixed layer at Sta. C (Table  1) . Longer wavelength radiation (320-400 nm) penetrated deeper, and only at Sta. F was the 1% depth for 380 nm less than the pycnocline depth.
Viral abundance and burst size-The abundance of viral particles in whole seawater at each station ranged from -3.0-4.0 X lo8 liter' at the offshore oligotrophic Sta. B and C to 5.0-6.5 X lo9 literr' at the nearshore mesotrophic Sta. E and F (Table 2 ). Burst sizes of infected bacteria followed a similar trend (Table 2 ), although the difference between offshore and nearshore stations was only three-to fourfold.
Bacterial abundance, growth rate, and contact rates-Estimates of bacterial abundance from direct counts showed an increase in bacteria from oligotrophic (Sta. B and C) to mesotrophic waters (Sta. E and F; Table 2 ). Similarly, bacterial production was higher in coastal waters relative to oligotrophic waters, although estimated growth rates (d-l) were similar at all stations. The greater abundances of bacteria and viruses in the nearshore waters resulted in higher calculated contact rates between viruses and bacteria (3.38-4.44 and 0.20-0.27 contacts cell -I d-l at the nearshore and offshore stations, respectively).
Decay of viral particles and infectivity--Decay rates of bacteriophage infectivity were consistently highest at the surface (0.7-0.85 h-') and decreased with depth, and were similar whether added to 0.2-pm-filtered or unfiltered seawater (Fig. 1) . The decay rate of bacteriophage PWH3a-Pl infectivity with depth was of the first order and more closely related to the attenuation of 305-nm radiation (r* = 0.932) than the other measured wavelengths of (320 nm, r2 = 0.867; 340 nm, r* = 0.767; 380 nm, r* = 0.545).
The decay rate of natural viral particles integrated over the mixed layer was highest at Sta. E (Table 2) . At all stations, the decay rates of viral particles were lower than the decay rates of infectivity of bacteriophage PWH3a-Pl (Table  2 ).
Discussion
Several conclusions that can be drawn from the data presented in this paper. First, in order to maintain viral concentrations in the mixed layer, infectivity must be restored to a large portion of the natural viral community that is damaged by sunlight. Second, our results indicate that lysis of 6-52% of the daily bacterial production was required to balance the rate of removal of viral particles with the production of new viruses. Finally, our results imply that viral lysis of bacterioplankton can be a significant source of nutrients for the microbial loop. These findings are detailed below. Removal of viral infectivity and destruction of viral particles-The decay rate of viral particles in the water column was consistently and substantially lower than the decay rate of infectivity of bacteriophage PWH3a-PI. Given that the decay rate of infectivity for PWH3a-PI is similar to that for the natural community of marine viruses, then the loss of infectivity cannot be entirely explained by the loss of viral particles. At the surface, decay rates of viral particles were consistently -40 times lower than those for infectivity of PWH3a-Pl. The decay rates of infectivity were similar to other measurements for this virus (Suttle and Chen 1992; Suttle et al. 1993) , as well as for other marine bacteriophages (Suttle 1994; Suttle and Chan 1994) , although they were significantly higher than estimates for phages CB 38F (0.11 h-l) and CB 7F (0.06 h-l) in the York River estuary (Wommack et al. 1996) . Several factors that can account for the lower decay rates reported by Wommack et al. (1996) . First, the decay rates that they reported were averaged over 56 h and included dark periods, whereas our rates were averaged over the 12-h light period of the incubation, when decay rates would be much higher. Second, the plastic that Wommack et al. used for incubations transmitted 23-26% of the UVB, whereas our bags allowed -88% of the UVB to penetrate. Finally, our incubations occurred on or about the summer solstice at 25-27"N, whereas those of Wommack et al. were during mid-October at -37"N. The difference in conditions can more than account for the differences in observed decay rates in the two studies. Nonetheless, decay rates vary Table 2 . Impact of viruses on bacteria in the Gulf of Mexico. Particle decay rates are integrated values for the entire mixed layer above the pycnocline. Particle abundances are mean of triplicate counts (*SD). Nutrient-release rates are based on literature values for marine bacterial carbon (23.3 fg cell-'; Simon and Azam 1989) and nitrogen (5.6 fg cell-'; Lee and Fuhrman 1987) . Ranges for bacterial lysis and component release are based on calculations using minimum and maximum burst size estimates for each station. among different viruses exposed to the same irradiance (e.g. Wommack et al. 1996; Suttle and Chen 1992) . The decay rates for viral particles and infectivity can be used to quantify the rate at which infectivity must be restored to viruses that have been made noninfectious as the result of UVB. In a system where the abundance of viral particles remains relatively constant, infectivity cannot be lost faster than viral particles, assuming that the production of new infectious viruses can only occur by the production of new viral particles. Therefore, the difference between the rates at which infectivity and viral particles are lost must be balanced by the restoration of infectivity to noninfectious viruses by repair mechanisms. Consequently, the difference between the decay rates of infectivity and particles, averaged over the mixed layer, is the rate at which infectivity must be restored to noninfectious viruses, if the abundance of viruses in the mixed layer is relatively constant (Table 3 ). If repair rates were less than this estimate, infectivity would be destroyed more rapidly than it is replaced, leading ultimately to the complete loss of viruses from the system. Depending on the station, our data indicate infectivity must be restored to between 39 and 78% of the viruses in which infectivity was lost. These repair rates assume that all double-stranded, DNA-containing (i.e. DAPI-positive) viral particles produced during a lytic event are infective. Thus, our repair rates may underestimate the in situ rates of repair by a percentage equivalent to the rate at which noninfective doublestranded, DNA-containing particles are produced. However, a large proportion of phage particles are infectious when produced (Dulbecco 1988) . Moreover, defective phage particles typically do not contain nucleic acids (e.g. Jiang and Paul 1994) .
Impact of viruses on the marine bacterial community-A major factor that drives interest in marine viruses is their ability to destroy bacteria, which leads to the regeneration of nutrients and organic carbon. At three of four stations, -6.3-12.2% of the daily bacterial production (2.0-10.0% of the bacterial standing stock) would have to be destroyed in order for the production and destruction of viral particles to be balanced. At Sta. E, where there was a concurrent bloom of Synechococcus spp., viral lysis would have needed to destroy 34.0-52.0% of the daily bacterial production (25.5 39.0% of the bacterial standing stock) in order to maintain viral abundances in the water column. It is possible that at Sta. E these estimates were inflated by cyanophage production, since our calculations treated all viruses as bacteriophages. However, diel measurements carried out at the station over a 48-h period indicated that infectious cyanophages were <5% of the total viral particles (Suttle et al. 1996) . In all, these estimates of viral-mediated bacterial destruction seem reasonable relative to other recent estimates that suggest that -lo-20% of the mortality of the bacteria in aquatic systems may be due to viral lysis (Suttle 1994; Steward et al. 1996) .
Virus-host contact success (the frequency that a contact resulted in a lytic infection) was much higher offshore ( Table  2 ). The high contact success at Sta. B and C suggests that the diversity of host bacteria offshore was low, since most marine phages have only been shown to infect a single host (BZrsheim 1993) . Such success does not imply that viral diversity is equally low, since a given bacterium can be infected by a variety of viruses (Zachary 1974; Borsheim 1993) . Increased contact success at offshore stations may represent one factor that allows marine viruses to persist in offshore environments despite lower bacterial abundance. Suttle and Chan (1994) found similar results for Synechococcus spp. and cyanophages in the Gulf of Mexico. They suggested that selection for resistant host cells is decreased when contact rates between viruses and host cells are low. Waterbury and Valois (1993) also concluded that when contact rates between cyanophages and Synechococcus were high, most of the natural Synechococcus community was resistant to infection. The present study yielded a similar conclusion and suggests that contact success may be a useful parameter for comparing different environments.
In the Gulf of Mexico, bacterial carbon production from offshore to coastal environments ranges from -0.05 to 3.0 pg C liter-' h-l (this study; Biddanda et al. 1994) . Because a paucity of data exists on the biogeochemical impact of viruses, we have estimated the effect of viral lysis based on literature values for the amount of carbon and nitrogen in marine bacteria (Table 2 ). These estimates suggest that at three of four stations, viruses release lo-13% of the total bacterial production in the system. The release of cellular components at Sta. E was even greater, with 34-52% (4.4-5.2 pg liter-' d-l) of bacterial carbon production potentially remobilized to the microbial loop. Proctor and Fuhrman (1991) also concluded that viral lysis of bacteria could be a significant source of DOC production. Nitrogen will also be released by viral lysis. While the total nitrogen released is proportional to the amount of carbon released (bacterial C : N ratio is -4), note that the nitrogen may be more bioavailable since less will be tied up in complex structural material (i.e. cell membranes). Thus, viral lysis potentially represents a significant source of biologically available nutrients for bacteria and phytoplankton.
Our study reinforces the view that viruses are significant players in marine planktonic systems. Viruses cause lysis of a significant portion of bacterial production on a daily basis, and thereby supply nutrients to bacteria. In addition, viral infectivity and particles are lost at different rates in surface waters, which indicates that repair mechanisms within host cells must restore infectivity to a large portion of the viruses that are damaged by sunlight. Our study suggests that hostmediated repair represents a significant percentage of the total viral production. This repair seems to be largely mediated by the blue light-dependent enzyme photolyase (Weinbauer et al. 1997) , although light-independent mechanisms (i.e. RecA) may also be involved to some extent. New insight into the restoration of viral infectivity by host cell mechanisms, combined with insight on the effects of mixing and water clarity on UV damage to viruses, should ultimately permit quantification of rates of damage and repair in natural aquatic viral communities.
